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Dynamic Relationship of Focal Contacts and
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Toshiyuki Ozawa1,2, Daisuke Tsuruta2,7, Jonathan C.R. Jones3,7, Masamitsu Ishii1,2, Kazuo Ikeda4,
Teruichi Harada1, Yumi Aoyama5, Akira Kawada6 and Hiromi Kobayashi2
Epidermal cells adhere to the basement membrane zone through cell–matrix junctions termed hemidesmo-
somes. During wound healing, hemidesmosomes are disassembled to allow keratinocytes to move over wound
sites. Such movement is mediated by both hemidesmosome protein complexes (HPCs) and focal contacts (FCs).
In this study, we analyzed the interaction between HPCs and FCs in live HaCat cells expressing yellow
fluorescent protein (YFP)-tagged b4 integrin and cyan fluorescent protein (CFP)-tagged a-actinin as markers of
HPCs and FCs, respectively. In HaCat cells migrating to repopulate wounds, FC proteins cluster rapidly in the
direction of the wound. HPC assembly then follows and the newly formed HPCs occupy sites vacated by the
disassembled FCs. HPC dynamics are dramatically reduced, and HaCat cells cease migration upon treatment
with reagents that affect FC integrity/function. Upon treatment with reagents that destabilize HPCs, the
dynamics of FCs in HaCat cells at the edges of wounds are enhanced, although FC assembly is irregular and the
migration of the cells is aberrant. We also show that the complex interaction between hemidesmosomes and
FCs in keratinocytes is myosin dependent and requires energy. In summary, we suggest that HPCs and FCs
dynamics are tightly co-regulated in keratinocytes undergoing migration during wound healing.
Journal of Investigative Dermatology (2010) 130, 1624–1635; doi:10.1038/jid.2009.439; published online 28 January 2010
INTRODUCTION
Cell–extracellular matrix interaction at the site of the base-
ment membrane zone is crucial for the maintenance of
epidermal–dermal integrity. In keratinocytes (KCs), this
interaction is known to be facilitated mainly by cell–matrix
junctions termed hemidesmosomes, composed of a6b4
integrin, CD151, plectin, the bullous pemphigoid proteins
BP180 and BP230, and lamnin-332 (Jones et al., 1998).
Within each hemidesmosome, a6b4 integrin mediates stable
anchorage to the underlying matrix through binding to
laminin-332. a6b4 integrin differs from other integrins in
two major aspects (Jones et al., 1998). First, although other
integrins connect to actin filaments, a6b4 integrin interacts
with keratin intermediate filaments. Second, the intracellular
domain of b4 integrin is much longer than all other b subunits
(Jones et al., 1998).
In intact tissue, hemidesmosomes have been likened to
spot welds (Tsuruta et al., 2003). Most cultured cells fail to
assemble bona fide hemidesmosomes in vitro but keratino-
cytes possess hemidesmosome-enriched protein complexes
(HPCs) that one group has termed stable anchoring com-
plexes (Carter et al., 1990). Both hemidesmosomes and HPCs
(or stable anchoring complexes) show dynamic properties
during healing wound, cell division, and chemical reagent
treatment (Tsuruta et al., 2003). Indeed, it has already been
shown that HPCs, enriched in b4 integrin and BP180, are
dynamic structures; they are assembled and disassembled in
the plane of the membrane in a relatively short time frame
and also move in the plane of membrane (Geuijen and
Sonnenberg, 2002).
Hemidesmosomes have major roles in the attachment of
KCs to the basement membrane zone in vivo (Edlund et al.,
2001). In addition, components of focal contacts (FCs)
expressed by KCs in intact tissue also have roles in adhesion
(Nguyen et al., 2000). In vitro, KCs assemble FCs that tether
actin filaments to the cell surface (Yamada and Geiger, 1997).
The major integrins found in the FCs of KCs are a3b1 and
a2b1 integrin whose ligands are laminin-332 and collagen I,
respectively (Fleischmajer et al., 1998). FCs are considered to
be ‘‘dynamic’’ attachment devices, because they move
comparatively fast in the plane of the membrane in vitro
(Zlatanov et al., 2005). Tsuruta et al. (2002) found that such
See related commentary on pg 1493ORIGINAL ARTICLE
1624 Journal of Investigative Dermatology (2010), Volume 130 & 2010 The Society for Investigative Dermatology
Received 18 September 2009; revised 20 November 2009; accepted 23
November 2009; published online 28 January 2010
1Department of Plastic and Reconstructive Surgery, Osaka City University
Graduate School of Medicine, Osaka, Japan; 2Department of Dermatology,
Osaka City University Graduate School of Medicine, Osaka, Japan;
3Department of Cell and Molecular Biology, Northwestern University
Feinberg School of Medicine, Chicago, Illinois, USA; 4Department of
Anatomy and Cell Biology, Graduate School of Medical Sciences, Nagoya
City University, Aichi, Japan; 5Department of Dermatology, Okayama
University Graduate School of Medicine, Dentistry and Pharmaceutical
Science, Okayama, Japan and 6Department of Dermatology, Kinki University
Medical School, Osaka, Japan
Correspondence: Daisuke Tsuruta, Department of Dermatology, Osaka City
University Graduate School of Medicine, 1-4-3 Asahimachi, Abeno-ku,
Osaka 545-8585, Japan. E-mail: dtsuruta@med.osaka-cu.ac.jp
7These authors contributed equally to this work.
Abbreviations: CFP, cyan fluorescent protein; FC, focal contact;
KC, keratinocyte; YFP, yellow fluorescent protein
movements of FCs depend on acto-myosin-dependent
systems. Moreover, FCs are considered to exert an effect as
a biochemical signaling hubs to concentrate and direct
numerous signals after integrin binding and clustering (Zamir
and Geiger, 2001).
a6b4 Integrin, a major molecular component of hemi-
desmosomes, and a3b1 integrin, a major component of FCs
in KCs, share the same ligand, namely laminin-332. This
supports the notion that HPCs and FCs show complex
interactions. Thus, we sought to analyze the molecular basis
of the interplay between FCs and HPCs in KCs using live cell
imaging techniques. There are a number of candidate
molecules that could mediate such interplay. Plectin is an
obvious candidate as it has binding sites for both F-actin and
keratin intermediate filament (Geerts et al., 1999; Litjens
et al., 2006). The tetraspanin CD151 may also have a role as
it interacts with, and regulates the activity of, both a6b4 and
a3b1 integrin (Penas et al., 2000; Sterk et al., 2000;
Winterwood et al., 2006). In this study, we followed the fate
of yellow fluorescent protein (EYFP)-tagged b4 integrin and
enhanced cyan fluorescent protein (ECFP)-tagged a-actinin
by using time-lapse video microscopy in KCs in non-
migrating cells, motile cells, and under conditions in which
the expression and/or activities of various hemidesmosome-
and FC-associated proteins have been modulated.
RESULTS
HPCs and FCs are dynamic in subconfluent HaCat cells, and
show interaction at the leading edge of migrating HaCat cells
HPCs and FCs were visualized after their incorporation of
YFP-b4 integrin (pseudo-colored in red) and CFP-a-actinin
(pseudo-colored in green), respectively. First, we followed
YFP-b4 integrin and CFP-a-actinin dynamics in 10 HaCat
cells in subconfluent cultures for 100 minutes (Edlund et al.,
2001; Geuijen and Sonnenberg, 2002; Tsuruta et al., 2003).
In such cells at time zero, YFP-b4 integrin is organized in a
bow at the substratum-attached surface of the cells, toward
the cell margin but mostly behind individual and groups of
FCs, rich in CFP-a-actinin, distributed at the ruffling edge of
cellular protrusions (Figure 1). However, in some instances,
YFP-b4 integrin-rich HPCs are contained within groupings of
FCs (Figure 1). During the subsequent 100 minutes, assembly
and disassembly of both HPCs and FCs is observed (Figure 1)
(see Supplementary Movie S1 online).
Next, we followed the fate of HPCs and FCs in migrating
cells covering a scratch wound in vitro (Figure 2). We
observed HPC and FC proteins at the cells at the leading edge
of the wound for approximately 110 minutes at 8 to 10 hours
after the initial scratch wound. During this time period, FCs
assemble rapidly and are enriched at the leading front of the
wound at the cell edge in which lamellipodia and filopodia
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Figure 1. The dynamics of hemidesmosome protein complexes (HPCs) and focal contacts (FCs) in live subconfluent HaCat cells. HPCs were visualized using
yellow fluorescent protein (YFP)-b4 integrin (pseudo-colored in red), and FC protein components were visualized using cyan fluorescent protein (CFP)-a-actinin
(pseudo-colored in green). The dynamics of these tagged proteins were observed using confocal microscopy. Images of cells in subconfluent culture were
captured over 100 minutes, and images at five different time points are presented. a-Actinin-rich FCs disassemble (dotted triangle in upper left-hand panel)
and assemble (dotted circle in second upper panel from the left) during the observation period. b4 Integrin-rich HPCs disassemble (arrowhead in left-hand
panel in second row) and assemble (arrow in second panel from the right, second row) during the observation period. Scale bar¼ 10 mm (Supplementary
Movie S1).
www.jidonline.org 1625
T Ozawa et al.
Relationship of Matrix Adhesions in Cells
are formed (Figure 2a). HPCs are found immediately behind
this area (Figure 2a). In addition, toward the center of
the migrating cells, FCs and patches of HPCs appear to
assemble and disassemble in no obvious pattern (Figure 2a)
(Supplementary Movie S2). To analyze this phenomenon
more precisely, confocal microscope images of migrating
FC W
W
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Normal wound edge
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Merge
Merge
Direction of the migration
HD
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0 min 30 min 60 min
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Figure 2. The dynamics of hemidesmosome protein complexes and focal contacts at the leading edge of migrating HaCat cells. (a) HPCs were pseudo-colored
in red, and FC protein components were in green. A typical cell was viewed for 120 minutes, and images at five different time points are indicated. HaCat
cells moved left to cover a scrape wound as indicated by the arrow. a-Actinin-rich FCs assemble at the leading front of the wound (box). Subsequently,
b4 integrin-rich HPCs fill the ‘‘FC-rich’’ region (circle). Scale bar¼ 10 mm (Supplementary Movie S2). (b) Images at 0, 30, and 60 minutes
in (a) were colorized (green, blue, and red, respectively) and merged. The direction of cell movement is to the left. Scale bar¼ 10mm.
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cells expressing YFP-b4 integrin and CFP-a-actinin were
individually color coded and merged. This reveals that FCs
appear to both assemble and move continuously forward at
the leading front of the motile cell (Figure 2b). FCs undergo
disassembly at the tail of the migrating cell. HPCs are either
assembled or move immediately behind groupings of FCs at
the leading front of the cell (Figure 2b). To summarize, as the
cell moves over the wound site, FC proteins remain concen-
trated at the leading front with HPCs moving or assembling in
concert with the advancing front of FCs. In other words, HPCs
appear to assemble at and/or move into areas of cell-substratum
interaction previously occupied by FCs.
Under conditions in which HPC assembly is inhibited, the
direction, velocity, and the size of FCs is perturbed
at the leading edge of migrating HaCat cells
To analyze the possible interdependence of HPCs and FCs in
migrating HaCat cells, we first treated the cells with an anti-a6
integrin function blocking antibody (GoH3) to induce HPC
disassembly. We followed the fate of HPCs and FCs in cells at
the leading edge of the wound at 8 to 9 hours after an initial
scratch wound. After confirming that cells had begun to migrate
into the wound, GoH3 was added to the culture medium and
the fate of HPCs and FCs was then assessed. Between 40 and
60 minutes after addition of GoH3, HPCs disappear (Figure 3).
At this stage, immunocytochemistry of anti-a6 integrin antibody
revealed the disappearance of a6 integrin in HPCs (data not
shown). In addition, GoH3 antibody induces cell rounding and
FC proteins become concentrated in patches. Under these
conditions, the direction of the migration in HaCat cells was
incorrect and random (Figure 3a) (Supplementary Movie S3).
After GoH3 treatment, some FCs remain as finger-like projec-
tions and these FCs show faster movement in the plane of the
membrane (Figure 4). Similar results were observed in
keratinocytes treated with either the anti-b4 integrin function
blocking antibody 3E1 (data not shown) or bullous pemphigoid
antigen 180-IgG (BP-IgG; data not shown).
Next, to perturb the keratin filament network, we
transfected a keratin 14 deletional mutant plasmid into
HaCat cells. Under these conditions, keratin filaments
accumulate around the nucleus and no obvious HPCs are
assembled by the transfected cells. After scratch wounding,
the direction of the migration of the treated cells appears
random (Albers and Fuchs, 1987, 1989) (Figure 3b).
Consistent with this, the cells appear non-polarized, possess
multiple lamellipoidia, and do not have a clear leading front. In
addition, FCs are found toward the edges of each of the multiple
lamellipodia. FCs also move faster in the plane of the membrane
than do FCs in untreated HaCat cells (Figure 4). These results
suggested that under conditions in which HPC assembly is
inhibited, the direction, velocity, and the size of FCs was
perturbed at the leading edge of migrating HaCat cells.
When FCs are perturbed, the size and assembly of HPCs is
modulated in migrating HaCat cells
We followed the fate of HPCs and FCs at the cells at the
leading edge of the wound for 60 minutes at 8 hours after
scratch wounding. After confirming that cells had success-
fully begun to migrate into the wound sites, anti-a3 integrin
function blocking (P1B5) antibody was added to the culture
medium to perturb FC integrity. Under these conditions, the
migration of HaCat cells is inhibited. We then followed the
fate of both HPCs and FCs. After 100 minutes of incubation of
cells with the a3 integrin-function inhibitory antibody, FCs
movement is inhibited and HPCs appear stabilized (Figures 4
and 5a) (Supplementary Movie S4).
Next, to disrupt the microfilament network, we first
determined the minimum concentration of cytochalasin D
necessary to perturb the microfilaments arrays in HaCat cells.
The organizational state of the microfilament system was
evaluated by staining fixed, drug-treated cells with rhoda-
mine-conjugated phalloidin (data not shown). The microfila-
ment network appears collapsed in HaCat cells that have
been incubated for approximately 5 minutes in medium
supplemented with 200 nM cytochalasin D (data not shown).
As above, we followed the fate of HPCs and FCs at the cells at
the leading edge of the wound for 60 minutes at 8 hours
subsequent to scratch wounding. After confirming that the
migration of the cells was proceeding normally, cytochalasin
D was added to the medium and the fate of HPCs and FCs
was then followed. Under these conditions, polarity of the
cells is lost and cell movement is inhibited. FC proteins
reorganize into patches along the substratum-attached sur-
face of the cell. HPCs are also reorganized and are found
concentrated toward the center of the cell, localized in
between the FC protein patches. In some instances, the HPCs
appear in a more leopard spot pattern than in untreated cells,
indicating the possibility that the treatment induces formation
of a more mature HPC. In support of this, HPCs show less
dynamic properties in the plane of the membrane (Figure 5b)
(Supplementary Movie S5).
CD 151 knockdown affects HPC and FCs at the leading edge
of migrating HaCat cells
CD151 is a putative regulator of both a6b4 integrin and a3b1
integrin (Penas et al., 2000; Winterwood et al., 2006; Sterk
et al., 2000). To analyze the effect of CD151 on the
interaction of HPCs and FCs, we first induced HaCat cells
to express YFP-b4 integrin and CFP-a-actinin. After 24 hours,
we next transfected the cells with CD151 small interfering
RNA (siRNA), allowed the cells to reach confluence
(approximately 48 hours), and then scratch wounded the
culture. We first confirmed by immunoblotting that, under
these conditions, CD151 levels were reduced to 63% of that
detected in control cells (Figure 6a and b). Scrambled control
siRNA did not affect CD151 protein levels under the same
condition (data not shown).
We next followed the fate of HPCs and FCs in the treated
cells migrating to cover a scratch wound in vitro. Decrease in
CD151 expression leads to an absence of HPCs. The velocity
of FCs became faster and the migration of HaCat cells into
scratch wounds is enhanced when CD151 expression is
reduced (Figures 4 and 6c) (Supplementary Movie S6). HPCs
and FCs in RNA interference scrambled negative control
transfected cells showed the same dynamics as those in
untreated HaCat cells (data not shown).
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Plectin knockdown affects stable anchoring complexes and
FCs at the leading edge of migrating HaCat cells
As plectin can associate with both keratin and actin and
interacts with a6b4 integrin, we hypothesized that it might be
an important regulator of the crosstalk between HPCs and
FCs. To test this hypothesis, plectin siRNA was transfected
into HaCat cells, following the strategy we used for CD151
knockdown (see above). Transfection of HaCat cells with a
plectin siRNA resulted in an approximately 42% knockdown
in plectin expression (Figure 7a and b). Scrambled control
siRNA did not affect plectin protein levels under the same
condition (data not shown).
HPCs are barely detectable in KCs showing plectin
knockdown. The velocity of FCs became faster and the
migration of HaCat cells showing plectin knockdown is also
enhanced compared with untreated control (Figures 4 and
7c). HPCs and FCs in cells transfected with scrambled control
siRNA showed comparable dynamics to that in untreated
HaCat cells (data not shown).
The interaction between HPCs and FCs depends on
adenosine triphosphate and myosin
We next analyzed the energy requirements necessary for the
interaction of HPCs and FCs. To deplete cellular stores of
adenosine triphosphate, we changed DMEM supplemented
with 10% fetal bovine serum (FBS) and penicillin to glucose-
free DMEM supplemented with 10% FBS, 0.05% sodium
azide, and 50 mM 2-deoxy-D-glucose (Tsuruta et al., 2002).
Under these conditions HaCat cells fail to migrate. FCs at the
leading front of the cells appear maintained, although there is
an increase in FC formation behind the leading front. HPC
dynamics are compromised (Figure 8a).
Next, to analyze the influence of myosin on the interaction
between HPCs and FCs, we treated the transfected HaCat
cells with myosin light chain kinase inhibitor ML-7 (Tsuruta
et al., 2002). Under these conditions, migration of HaCat
cells is inhibited. After drug administration, FCs immediately
disappear whereas HPCs are reduced in size (Figure 8b).
DISCUSSION
We have used live cell imaging to observe directly the
dynamics of FCs and HPCs in HaCat cells undergoing
migration to fill in a wound made in a confluent monolayer
maintained in vitro. Our results indicate that: (1) FCs
assemble and/or move rapidly and regularly in the direction
of migration of HaCat cells, (2) in migrating HaCat cells,
HPCs assemble and/or move just behind FCs at the
leading front of the cells, and (3) drug, antibody blocking,
and protein knockdown studies all indicate that the assembly
and maintenance of FCs and HPCs is intricately connected.
Upon treatment with anti-a3 integrin antibodies and the
actin filament depolymerizing drug, cytochalasin D, all of
which destabilize FCs, the dynamics of HPCs are reduced,
assembly of HPCs is perturbed, and HPCs become smaller.
Taken together, these results suggest that FCs strongly
influence HPC structure and function. Our data also indicate
that HPCs influence FC function and structure. In HaCat cells
that have been allowed to begin to migrate into wounds and
were then treated with the a6 integrin blocking antibody
GoH3 to induce HPC perturbation, FCs move more rapidly.
Similarly, in HaCat cells showing keratin perturbation, or in
which plectin or CD151 are knocked down, HPCs are absent
or reduced in number and FCs move more rapidly. These
results suggest that the movement of FCs is regulated by
HPCs. There are a number of potential explanations for this.
Under normal conditions, HPCs may inhibit FC movement
sterically by taking up space along the cell substratum-
attached surface of the migrating HaCat cells. Upon HPC
loss, FCs may have more space in which to move.
Alternatively, HPCs are generated behind groupings of FCs
to which they are physically anchored in some way. In this
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Figure 4. Analyses of the velocity of a-actinin-rich focal contacts (FCs) in
HaCat cells under different conditions. To calculate the velocity of individual
FCs, the images at three time points were overlaid and visualized with
different false colors using Adobe Photoshop 7.0. We measured the distance
between the moving front of each FC over a period of 15 minutes, and the
velocity was determined and expressed in nm min–1. Data shown are
the average and SD, and an asterisk indicates a significant difference,
Po0.05; Student’s t-test.
Figure 3. The dynamics of hemidesmosome protein complexes (HPCs) and focal contacts (FCs) in live HaCat cells at the leading edge under conditions in
which HPC assembly is inhibited. (a) The dynamics of b4 integrin-rich hemidesmosome protein complexes (HPCs; red) and a-actinin focal contacts (FCs; green)
in cells at the leading edge of HaCat migrating into a wound upon treatment with anti-a6 integrin function blocking antibody (GoH3: 10 mg ml–1). A typical
cell was viewed for 60 minutes from the time the cell was exposed to GoH3, and images at four different time points are indicated. The cells were
moving to the left as indicated by the arrow. The images at the left were obtained immediately before antibody administration. Scale bar¼10 mm
(Supplementary Movie S3). (b) The dynamics of b4 integrin-rich HPCs (red) and a-actinin-rich FCs (green) in the leading edge of migrating HaCat
cells under the condition in which the cells were transfected with red fluorescent protein (RFP) human keratin14 deletional mutant plasmid. A typical
cell was viewed for 120 minutes, and images at five different time points are presented. The cells move to the left to cover a scrape wound as indicated by
the arrow. The expression of b4 integrin was not detectable. Scale bar¼ 10 mm.
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model, HPCs, through their FC connection, would maintain
the direction of cell movement and regulated the migration.
In this occasion, actin filaments possibly have an important
role in the interaction of FCs and HPDs, through plectin,
because plectin has domains for binding to both intermediate
filaments and microfilaments (Steinbock and Wiche, 1999).
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The results that we detail under conditions in which
CD151 expression is knocked down are consistent with those
from Chometon et al. (2006) and Garcia-Lopez et al. (2005)
who showed that CD151 increases the stability of HPCs in
HaCat cells and who showed that CD151-siRNA-treated
melanocytes show enhanced cell motility, respectively.
However, our results are inconsistent with other studies.
Specifically, Cowin et al. (2006) showed impairment of
wound healing in CD151-deficient mice. In addition, CD151
silencing in A431 cells has also been reported to impair
cell motility (Winterwood et al., 2006). These discrepancies
may be explained by differences in the cell types used or,
in the case of skin wound healing in CD151 knockout mice,
it is possible that wound closure is impaired because
of non-epithelial effects resulting from CD151 deficiency.
Further study is required to reconcile these conflicting
results.
Our data also suggest that the interplay of FCs and
HPCs has an energy requirement and is dependent on
myosin. This emphasizes the complexity of interactions
between the cytoskeleton and substrate adhesion devices
in keratinocytes and how these are central to both adhesion
and regulation of cell migration. The ability to view this
interplay in live cells opens up the possibility of detailed
investigations of the relative dynamics of the distinct
cytoskeleton and adhesive molecular entities present in
keratinocytes.
MATERIALS AND METHODS
Cells and culture conditions
Human keratinocyte cells (HaCat cells kindly provided by Dr Nobert
Fusenig) were cultured in DMEM (Invitrogen, Carlsbad, CA),
supplemented with 10% FBS (Invitrogen) and 50 U ml–1 penicillin
at 37 1C in a humidified atmosphere containing 5% CO2. The
medical ethical committee of Osaka City University approved all
described studies. The study was conducted according to the
Declaration of Helsinki Principles.
Antibodies and lmmunofluorescent probes
Mouse mAb against green fluorescent protein (GFP; clone 7.1) was
obtained from Roche (Roche Diagnostics, Tokyo, Japan). Function-
blocking mouse mAb, a3 integrin (P1B5), was purchased from
Chemicon (Temecula, CA). Function-blocking mouse mAb, b4
integrin (3E1), was purchased from Millipore (Bedford, MA). The
rat mAb GoH3, a blocking antibody directed against the extra-
cellular portion of the a6 integrin, and the mouse anti-CD151 were
obtained from BD Biosciences (San Diego, CA). Goat polyclonal
plectin antibody and mouse anti-goat IgG-horseradish peroxidase
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
The mouse anti-a-tubulin mAbs and rabbit anti-mouse IgG-horse-
radish peroxidase were purchased from Sigma-Aldrich (St Louis,
MO). The characterization of bullous pemphigoid antigen 180
(BP180) IgG (BP-IgG) are described elsewhere (Iwata et al., 2009).
Alexa Fluor 488 and Rhodamine-conjugated phalloidin were
obtained from Invitrogen (Eugene, OR). The mouse anti-b-actin
was purchased from Abcam (Cambridge, UK).
Immunofluorescence microscopy
Cells on glass coverslips were fixed in 3.7% formaldehyde in
phosphate-buffered saline (PBS) for 8 minutes, washed thoroughly in
PBS, and permeabilized in 0.1% (vol vol–1) Triton X-100 in PBS for
10 minutes. Primary antibodies were overlaid onto the cells, and the
preparations were incubated at 37 1C for 1 hour. Cells on coverslips
were washed in three changes of PBS and conjugated secondary
antibody was applied for a further 1 hour. After washing three times
with PBS, coverslips were mounted onto slides. All preparations
were viewed on a TCS SP5 confocal microscope (Leica Micro-
systems, Mannheim, Germany). Microscope images were exported
as TIF files, and figures were generated using Adobe Photoshop 7.0
(Adobe Systems, San Jose, CA).
Western blotting analyses
Cells were lysed in radioimmunoprecipitation assay buffer, incu-
bated on ice for 5 minutes, and then scraped with a rubber
policeman. The lysates were clarified by centrifugation at
13,000 g for 5 minutes at 4 1C, and 20 mg samples were processed
for SDS-PAGE on 4 or 12.5% gels (Bio-Rad, Marne la Coquette,
France) and then transferred to Hybond-P polyvinylidene difluoride
membrane (GE Healthcare Bio-Sciences, Little Chalfont, UK).
Membranes were probed either overnight at 4 1C or for 1 hour at
room temperature. Washed membranes were incubated for 1 hour in
horseradish peroxidase-conjugated secondary antibody, and subse-
quently visualized with chemiluminescence SuperSignal West Dura
Extended Duration Substrate (Pierce Chemical, Rockford, IL). Signals
were acquired in a LAS 3000 DarkBox (Fuji Photo Film Europe
GMBH, Du¨sseldorf, Germany).
Plasmid constructs
We substituted YFP for GFP in the GFP-b4 integrin cassette that was
described previously (Tsuruta et al., 2003). In brief, the GFP-b4
integrin plasmid and PEYFP-N1 (CLONTECH Laboratories, Palo
Alto, CA) were treated by restriction digestion with NheI and XhoI.
After gel purification, the shorter fragment of the former and the
longer fragment of the latter were ligated using a DNA Ligation kit
(Takara Biomedical, Shiga, Japan). The construct was sequenced to
ensure that the YFP-b4 integrin complementary DNA was in frame
Figure 5. The dynamics of hemidesmosome protein complexes (HPCs) and focal contacts (FCs) in live HaCat cells at the leading edge under conditions in
which FCs are perturbed. (a) The dynamics of b4 integrin-rich hemidesmosome protein complexes (HPCs) and a-actinin-rich focal contacts (FCs) at the
leading edge of migrating HaCat cells under the exposure of anti-a3 integrin function blocking antibody (P1B5: 10 mg ml–1). A typical cell was viewed for
60 minutes from the time the cell was exposed to P1B5, and images at four different time points are indicated. The cells moved to the left to cover a scrape
wound as indicated by the arrow. The image labeled ‘‘before’’ shows cells immediately before antibody exposure (Supplementary Movie S4). (b) The dynamics
of b4 integrin-rich HPCs and a-actinin-rich FCs at the leading edge of migrating HaCat cells after treatment with the actin filament severing drug cytochalasin D.
A typical cell was viewed for 90 minutes from the time the cell was treated with cytochalasin D. The cells move toward the left to cover a scrape wound as
indicated by the arrow. Cells at the left were imaged before antibody exposure. Scale bar¼ 10mm (Supplementary Movie S5).
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and did not contain mutations using an ABI Prism Automated
sequencer (Applied Biosystems, Foster City, CA). CFP-a-actinin
vector was kindly provided by Dr Carol Otey (University of North
Carolina, NC, USA). To knock down expression of keratin 14, a red
fluorescent protein-conjugated deletional plasmid was used as
described previously (Albers and Fuchs, 1989).
YFP-b4 integrin and CFP-a-actinin transfection procedure
At 24 hours before transfection, the medium was changed to DMEM
supplemented with 10% FBS without antibiotics. Transfections were
performed using the lipofectamine 2000 reagent (Invitrogen) in
OPTI-MEMþGlutaMAX (Gibco, Grand Island, NY, USA). After
6 hours, the medium was changed into DMEM supplemented with
WB: HaCat CD151 siRNA
Untr. CD151
siRNA
CD151 (30 kDa)
α-Tubulin (55 kDa)
Untr. CD151 siRNA
CD151
0 15 30 45 60 (min)
W
W
WMerge
HD
FC
Direction of the migration
Figure 6. HaCat cells were transfected with CD151 small interfering RNA (siRNA) oligonucleotides. (a) Knockdown efficiency was evaluated using
western blotting of untransfected and CD151 siRNA-transfected cell extracts with CD151 antibody using actin as a loading control. CD151 levels were reduced
to 63% of the original amount. (b) Transfected cells were stained 80 hours after transfection with CD151 antibody (green). Scale bar¼10 mm. (c) The
dynamics of b4 integrin-rich hemidesmosome protein complexes (HPCs) and a-actinin-rich focal contacts (FCs) at the leading edge of migrating HaCat cells
transfected with CD151 siRNA were analyzed for 60 minutes, and images at five different time points are indicated. The cells were moving to the left to
cover a scrape wound as indicated by the arrow. Scale bar¼ 10 mm (Supplementary Movie S6).
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10% FBS and antibiotics. At 48 hours after transfection, cells were
seeded onto 35-mm glass coverslips. Finally, at 32 hours after
seeding, cells were processed for live cell imaging.
Drug treatment
To induce disassembly of the microfilament network, cytochalasin D
(Sigma Chemical) was added from a stock solution to the medium to
a final concentration of 200 nM. The myosin light chain kinase
inhibitor ML-7 (CN Biosciences, La Jolla, CA) was added to the
medium to a final concentration of 100 mM. To deplete energy stores,
cells were incubated in glucose-free DMEM (Gibco BRL, Rockville,
MD) supplemented with 10% FBS, 0.05% sodium azide, and 50 mM
2-deoxy-D-glucose (Sigma).
RNA interference inhibition of CD151 and plectin expression
Stealth siRNAs against CD151 and plectin and an RNA interference
scrambled negative control were obtained from Invitrogen (Boczo-
nadi et al., 2007). These were transfected into HaCat cells as above.
WB:HaCat Plectin siRNA
Untr. Plectin
siRNA
Plectin (500 kDa)
Actin (45 kDa)
Untr. Plectin siRNA
Plectin siRNA
0 30 60 90 120 (min)
W
W
WMerge
HD
FC
Direction of the migration
Figure 7. HaCat cells were transfected with plectin small interfering RNA (siRNA) oligonucleotides. (a) Knockdown efficiency was evaluated using
western blotting of untransfected and plectin siRNA-transfected cell extracts using plectin antibody. a-Tubulin antibody labeling was used as a loading control.
Plectin levels were reduced to 58% of the original amount. (b) Transfected cells were stained 86 hours after transfection with plectin (green). Scale bar¼ 10 mm.
(c) The dynamics of b4 integrin-rich hemidesmosome protein complexes (HPCs) and a-actinin-rich focal contacts (FCs) at the leading edge of migrating
HaCat cells transfected with plectin siRNA were analyzed for 60 minutes, and images at five different time points are shown. The cells moved to the left to
cover a scrape wound as indicated by the arrow. Scale bar¼ 10 mm.
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Live cell imaging
Time-lapse microscopy was performed with a confocal laser scanning
microscope type TCS SP5 (Leica Microsystems), equipped with
thermostatic chamber type FCS2 Closed Chamber System (Bioptechs,
Butler, PA). The latter was fitted to the microscope stage. The 60mm
round glass slides and the attached silicon chamber were placed inside.
The temperature at the bottom of the sample was precisely adjusted to
37 1C by a calibrated thermocouple. Single cells were scanned every
5minutes.
In vitro scrape wound assays
HaCat cells were grown to confluence on glass coverslips. Medium
was aspirated, and the cell-coated surface was scraped with a
pipette tip in a single stripe. The surface of the scrape wound was
washed with PBS and incubated in trypsin at 37 1C for 30 seconds to
remove debris from the wound area and wound edges. The cells
were washed again twice with serum-containing medium to quench
any residual trypsin. The wounds in the cultures were allowed to
heal for various times and cells at the wound edges were observed.
2DDG
Before
FC
HD
Merge W
W
W
ML-7
Before 0 20 40 60 (min)
FC
HD
Merge W
W
W
Direction of the migration
0 20 40 60 (min)
Direction of the migration
Figure 8. The dynamics of b4 integrin-rich hemidesmosome protein complexes (HPCs) and a-actinin-rich focal contacts (FCs) at the leading edge of
migrating HaCat cells after treatment with 2-deoxy-D-glucose (2DDG) (a) or ML-7 (b). A typical cell was viewed for 60 minutes and imaged at four different
time points as indicated. The cells moved left to cover a scrape wound as indicated by the arrow. The image labeled ‘‘before’’ shows the cells before
drug treatment. Scale bar¼10 mm.
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Analyses of the velocity of focal contacts
Analyses of the movement of CFP-a–actinin containing FCs in
transfected HaCat cells were performed using TCS SP5 confocal
microscope. To calculate the velocity of each FC, images at three
time points were colorized and then overlaid using Adobe Photo-
shop 7.0. We measured the distance moved over a 15-minute
period. At least 20 FCs were analyzed in this way per treatment.
Statistics
To determine significance between two groups, comparisons were
made using Student’s t-test using Prism 4.0 software (GraphPad
Prism Program, GraphPad, San Diego, CA). For all statistical tests, a
P-value of o0.05 was accepted for significance.
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